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Fine structure of the metastable a 3~t state of the helium molecule*
I. INTRODUCTION
Helium, the noblest of all atoms, forms no chemical compounds with itself or any.other atoms. Unlike other atoms, it cannot even form a stably bound Van der Waals molecule with itself. 1 Ever since the discovery of the helium band spectrum by Curtis and Goldstein 2 in 1913, it has been known that stably bound, excited states of He 2 exist. 3 In particular, Phelps 4 and, subsequently, have detected optical absorption in gas and liquid phases of the helium molecule in the metastable a 3 Z;: state. The demonstrated existence of a longlived paramagnetic state has raised the possibility of a precision measurement of the fine structure (fs) in one of the simplest molecules in nature. An effort to make this measurement in liquid helium by Hill et al. was reported, 7 but no resonances were observed. 12 In this paper, we report such a measurement by means of the molecular beam, magnetic resonance (Rabi) technique.
Some time ago, one of us gave a historical summary of previous work on molecular fs and related fields. 13 We begin this article by bringing that account up to date.
A. History of previous observations

Simple atomic systems
The precise agreement between experiment and theory for electromagnetic properties of simple atomic systems has been made even more complete over the past decade.
The value of the fs constant a = 1/137.03602(21), 14 which lies at the heart of any calculation of fs, recently has been based entirely on the his of H and the A. C. Josephson effect in superconducting solids. 14 Measurements of properties of Simple, one-electron systems are now in essentially good agreement with theory with no outstanding discrepancies. 15 Likewise, great progress has been made with two-electron systems. 15 In particular, theory and experiment 16 ,17 agree to within a few parts per mil'-lion for the fs of He (1s, 2P) 3P 2,l,O' This agreement was achieved by solving the difficult problem of computing small second order terms involving other electronic states. This problem becomes more difficult in interpretation of molecular fs, as we shall show.
Molecular systems
It is of interest to make a comparison among the fs investigations of three simple molecules, H~, H 2 , and He 2 . In H;, studied by an optical pumping technique by Jefferts, 18 the 2Z;; ground state has a single electron which has no orbital angular momentum. Thus the only interactions present are the spin-rotation, magnetic contact, and dipolar hfs and a very weak interaction of nuclear spin with rotation.
In the one-electron, molecular system of H2 2Z;;, excellent agreement (-1 %) between experiment 18 and theory19,20 exists. In these calculations, s.econd-order contributions of other electronic states are very small. 20
In H 2 , 3Il states 13 ,21-25 there are two unpaired electron spins, orbital angular momentum, and molecular rotation in parahydrogen; in orthohydrogen, there are also two unpaired nuclear spins. The electronic spin-spin, spin-orbit, and spin-other-orbit interactions are present, in addition to the terms already listed for H;. Also, there are terms like the orbital-magnetic hfs interaction and orbital-rotation terms which add even more richness to the structure. These have been analyzed theoretically by many authors. 23
In the case of the c and d 3Il u states of H 2 , ab initio calculations by Lombardi 26 and Jette 27 agree with experimental measurements by Freund and Miller 24 , 25 and Brooks, Lichten and Reno and Vierima 21 , 22 Table IV .) In NIl, where spin-orbit effects are smaller, theory and experiment agree within a few percent (see Table IV ).42b Because the spin-orbit interaction in He2 is orders of magnitude smaller than in O 2 , the prospects for a more successful theoretical interpretation made this investigation seem promising to us. A more detailed description of this interpretation is given in the discussion of our results. (See Sec. III. B. )
B. The spectrum of molecular helium
The molecular spectrum of helium is one of the most thoroughly observed and analyzed in all of molecular spectroscopy. 3 More than 60 electronic states have been observed and analyzed. 3 It is of historical interest to note that the first experimental measurement of the spin of the He 3 nucleus was by Douglas and Herzberg, who analyzed the alternation of intensity in the band spectrum of He~. 43 Recently, several theoretical and experimental papers have discussed the nature of the potential curves of He2, which have an unusually large number of potential maxima. 44 (See Fig. 1. ) For some time after the discovery of the spectrum of He2, 2 the absence of any vibrational structure in the bands remained a mystery. It is now known that the cause for this situation lies in the relative weakness of excitation of any excited vibrational levels in molecular helium. 45 A knowledge of the relative vibrational populations is very important for the interpretation of our experiment.
Since the early work of Curtis and Goldstein,2 the most common technique for producing the molecular spectrum of helium has been to observe the afterglow of a discharge in helium at a pressure of a few centimeters of mercury. There have been many investigations of molecule formation in noble gas discharges, discharge afterglows, [4] [5] [6] 10, 11, [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] and electron bombarded liquid helium 7-9; these investigations have been stimulated by 57 the recent development of the molecular xenon laser. It is generally accepted that helium molecules are predominantly formed in a discharge by recombination of molecular ions; however, the details of the formation process are still controversial. 52-55
C. The structure of molecular helium
The ground state of molecular helium He z , X1~;
(ls!ls~ = u ,ls2uu1s2) consists of a closed shell, electronic wavefunction of four electrons filling the two lowest atomic orbitals ls A and ls 5 , or equivalently, the two molecular orbitals (MO) u,ls (lu, or lsu,) and uu1s 
II. THE EXPERIMENTAL METHOD
A. Apparatus
At the beginning of this experiment, we considered the possibility of using optical pumping to produce polarized helium molecules for rf spectroscopy. 56 An alternative was to develop a metastable molecule source for the conventional molecular beams-magnetic resonance (MBMR) machine which has been in use in this laboratory to study the fine and hyperfine structure of metastable hydrogen molecules. 13,21,22 We chose the latter course of action, largely because of the greater convenience of existing equipment.
Because the helium molecule has a purely repulsive ground state, direct electron impact excitation 12 ,13,21,22,5B cannot be used to produce the metastable molecules. We have seen (Sec. I. B) that helium molecules can be formed in discharge tubes. A source, then, requires some adaptation of a discharge tube similar to those used in the traditional spectroscopy experiment. 2,45,59
A discharge tube source of metastable (2 3 S 1 ) helium atoms was successfully used in an MBMR machine by V. W. Hughes and co-workers. 60 They observed optimum performance at the lowest pressures at which they could operate (near 0.1 torr). No evidence of molecules was observed. Presumably, raiSing the pressure in such a discharge tube to a level high enough to ensure the prodUction of molecules produced so high a pressure in the source chamber that the beam was destroyed by collisions.
We observed molecule production with the MBMR machine with the following arrangement (see Fig. 3 ): a 3 mm diameter hole was drilled in a pure aluminum cathode 1 cm thick; this was waxed onto the discharge tube and the axis of the hole was aligned with the MBMR machine. The gas from the discharge flowed through the hollow cathode and entered a chamber which was exhausted by a fast mechanical pump (Roots Blower, Stokes Model 1722, pumping speed for air = 600 1/s at 0.25 torr). A O. 3 cm xO. 003 cm slit was placed on the wall of this region and defined the beam. A differentially pumped region separated this chamber from the magnet series and its vacuum pump. The pressure in the discharge tube was typically 10 torr; at the exit of the cathode, O. 13 torr; after the beam defining slit, 5 x 10-5 torr; and at the detector, 8xl0-s torr. Oil diffusion pumps without liquid N2 trapping were used (see Fig. 3 ).
A pulsed high voltage discharge was used. A well regulated power supply (Fluke Model 415B) was used with a M. I. T. Model 9 modulator/driver unit; an additional winding was added to the output pulse transformer to double the output voltage. Typical electrical operating conditions were power supply voltage, 1750 V; pulse length, less than lJ1.sec; repetition rate, 3-10 kHz; average power into the driver, 15 W (a very small fraction of this power was actually consumed in the discharge tube). Except for the pressure, which was somewhat low, these operating conditions were close to those needed to produce an optimally intense visible molecular helium spectrum in the discharge tube. We placed the cathode connection at the gas exit of the discharge. Reversal of the anode and cathode connections quenched both the visible and rf molecular helium spectrum, apparently through cataphoretic concentration of impurities in the discharge.
Molecules were best produced under conditions of rather high gas flow rate so that a bright afterglow could be seen outside the exit of the cathode. Visualobservations of the discharge indicated that the interior of the cathode was brighter than the glow in the discharge tube or the afterglow. We conSistently observed that the optimum atomic and molecular Signal in our detector were obtained when the discharge conditions were adjusted so that there was a moderate afterglow. This subjective criterion was found to be quite reliable in setting up the apparatus each day. It was essential that the exit slit be placed well inside the visible afterglow. The final cathode-to-slit separation was approximately 1 cm. The entire discharge tube was moved relative to the exit slit to optimize the signal-to-noise ratio. 61
The gas throughput in our experiment was -16 torr 1/s. The bulk flow velocity in the discharge tube, where the pressure is 10 torr, was -1. 5 x 10 3 cm/sec.
IIi the visible afterglow region at the exit of the cathode, the flow velocity was estimated to be 10 5 cm/sec. The bulk flow velocity in the exhaust tube near the pump, where the pressure was 0.03 torr, was approximately 3 xl0 4 cm/sec.
The MBMR machine used in this experiment was a modification of that used in previous experiments with metastable hydrogen molecules. 13,21,22 Molecules that passed through the A magnet were refocused by the B magnet onto a stop wire located in front of the detector. When a radio-frequency magnetic field of the appropriate frequency and intensity was applied to the hairpin in the 
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C magnet, molecules underwent a transition to a state with a different high field magnetic moment. These molecules were not refocused, and their trajectory allowed them to miss the stop wire and pass into the detector. The pole faces of the three magnets were each 1. 908 cm in length, the hairpin was approximately 0.63 cm in length.
The detector consisted of a metal plate connected to the grid of an electrometer tube. Secondary electrons emitted from this plate were collected on a nearby second plate biased to +30 V. The grid bias resistor of the electrometer tube amplifier was 10 12 n, and the time constant of this detector and amplifier was nominally 4 sec.
A block diagram of the data collection system is shown in Fig. 4 . The voltage output of the electrometer was read directly on a Hewlett-Packard Model 415A D. C. Null Voltmeter. The output signal from the null volt-
meter was recorded on a 3trip chart recorder as a function of time and also was digitized and recorded in the memory of a PDP-8 computer.
In measuring the line profile of a particular transition, the uniform field in the C magnet was held fixed while the frequency of the oscillating magnetic field was varied under computer control. For the studies of the Zeeman spectrum at low frequencies (see Sec. II. B), the direct output from a General-Radio oscillator was used (Model 1211-C for 0.5-50 MHz, Model 1215-B for 50-250 MHz). For the studies of the fs transitions in the frequency range between 800 and 1200 MHz, the output of a GR oscillator (Model 1209 B, 250-900 MHz) was frequency doubled, and amplified (with an Amptron Model 125 RF amplifier) before entering the C region hairpin. For the transition near 2000 MHz, a klystron oscillator (Applied Microwave Laboratories, Model S-1140), was used directly. Except for the 2 GHz tran- sition, the power line between the oscillator and the hairpin was tuned. This tuning was particularly necessary for the Zeeman studies in order to suppress harmonics of the molecular transition frequencies which would overlap the stronger signal from the metastable 2 3 S 1 atoms. The transition frequencies were measured with a calibrated electronic counter (Hewlett-Packard Model 5245 C) with frequency converter plug-in units appropriate to the frequency range being used.
B. Procedure, observations, and data analysis
The field in the C region was calibrated with the strong resonance produced by the Zeeman transitions in He(2 3 S 1 ). These transitions had a frequency /=gJ (He) x #J.o~/h, where gJ(He) = 2. 00223735(60).62
The search for He2(a3~:) began with the low-field, Zeeman transitions in the N = 1 rotational level. Because He2 has weak spin-orbit coupling, it follows Hund's case b coupling model. 63 In Hund's case b, for 3~ states, the rotational angular momentum N adds with S, the total electronic spin, to form J. The projection of J along the magnetic field direction m J is quantized. Since He has zero nuclear spin, J represents the total angular momentum of the molecule. (See Fig. 5 .) The g factor for such a molecule is given by
In a ~ state, N is due to the nuclear rotation and has a corresponding magnetic momentgN#J.o of the order of a nuclear magneton, i. e., gN«gS'
If Ho represents the zero-field Hamiltonian, including electronic, vibrational, rotational, and fine -structure terms, then the Hamiltonian in the C field region is Off-diagonal elements are nonzero' only between states with the same m J , and are Figure 6 shows the results of diagonalization for N= 3 as a function of magnetic field. To second order in Je, ergy eigenvalues are given by the en-
In order for a transition to 'be observable in this particular MBMR apparatus, the molecule had to undergo a high-field moment change of at least a half Bohr magneton. [The high-field moment is defined as -(dE/dJe) at high Je.] As the correlation diagram in Fig. 7 illustrates, three of the N = 1 Zeeman transitions met this criterion. Since the g factors for J = 1 and 2 are both very nearly equal to gs /2,65 these three resonances were predictably found in the vicinity of half the atomic helium frequency. The teletype plotted output of a computer-controlled scan over two of these resonances is shown in Fig. 8 . The three observable Zeeman transitions in N = 3 were found in a similar manner.
By fitting the observed Zeeman transition frequencies to levels described in Eq. (5) we were able to obtain initial estimates for the fine-structure intervals. These estimates were, in N = 1, J=O to J= 1, 2240 MHz, J = 1 to J = 2, 890 MHz. {all ± 30 MHz} .
We then used Kramers' formula 3o to estimate the intervals in N= 3: J= 2 to J= 3, 1350 MHz,
This process also enabled us to determine the relative order of the J levels within a complete inversion of the levels.
With these initial estimates, we could predict and begin searching for direct transitions between the finestructure leve Is, i. e., t:..J:= ± 1. According to magnetic dipole selection rules, there are 8N -2 observable transitions between the fine-structure levels of a particular rotational level N; there are 6 in N = 1 and 22 in N = 3. Indeed, in a search conducted in the region of our estimates, all N = 1 and N = 3 transitions were found. An effort was made to find the N = 5 transitions, but without decisive results.
For our final experimental evaluation of each finestructure energy splitting, we measured a selected pair of lines. These were chosen on the basis of large intensity, small C field dependence, and rf power requirements within our capabilities. The C field was kept below 5 G in all final runs so that the energy terms of order higher than JC2 contributed less than 2 kHz to. the resonant frequencies. Data taking consisted of scanning the frequency back and forth over each resonance, alternating between lines of a pair, and using the on-line computer Signal averaging to obtain the results. Data on each transition were taken on several separate days and at various magnetic fields. greater multiplicity in the molecules and assume equal detection effiCiency, this implies an atomic-to-molecular signal ratio of 100 to 1. The molecular signal-tonoise ratio was 2 to 1; a noise analysis of this experiment is summarized in Table I During the data taking, the rf power was maintained at the level that maximized the transition probability. At this optimum power level, the theoretical linewidth If all the products of the discharge have nearly the same temperature, and if broadening due to field inhomogeneities is not too large, we may infer that the linewidths of the molecular resonances should have been narrower than the atomic resonances roughly by a factor of ff.
Typical atomic line widths of 225-250 kHz would thus imply molecular linewidths of 160-1S0 kHz. In actuality, the helium molecular resonances ranged from 130-220 kHz in width, but most of the lines were near 160 kHz, in agreement with expectation. 67
Values for the fine-structure intervals obtained from separate runs were averaged, with weighting factors proportional to the total number of scans per run. The final values are given in Table II .
C. Results. Molecular constants for fs intervals
According to Kramers' theory of spin-spin interaction in diatomic molecules, 30 the energy levels for a 3~ state are given by66 (6) where S is the total spin angular momentum, N is the rotational angular momentum, A is the spin-spin interaction constant, I' the spin-rotation constant, and B is the rotational constant.
It is readily shown that the resulting term values are (relative to the level with J=N)69
Schlapp's formula
Sl takes into exact account the per- 
Also, the ambiguity in level order gives two possible sets of constants, which are essentially equal to each other in magnitude, but with opposite sign. Table III gives these two sets, each of which is equally compatible with the experimental data. The uncertainties quoted are obtained by standard error theory from those quoted for the line frequencies.
Since there are four measured intervals in two rotational levels, it was possible to obtain two constants A and I' for each rotational level. These constants in Table  III where AO' Yo are the magnetic fs constants for a hypothetically nonrotating molecule, and i\, 1'1 are centrifugal stretching constants.
III. DISCUSSION AND INTERPRETATION
A. Identification of spectra
Metastable helium molecules
As was mentioned in the section on method, every parameter that gave optimal visible molecular helium spectra in the discharge (pressure, electrode polarity, voltage, pulse length and frequency, etc.) also gave a good rf molecular signal. We thus felt that we were indeed looking at metastable helium molecules. For example, the atomic resonances (3 S1> ~ms = ± 1) persisted and even intensified with 100-fold smaller pressures (<< 1 torr) in agreement with the observations of Hughes et al. 60 On the other hand, the optimal conditions for observation of the molecular resonances were pressures of the order of 10 torr and a flowing afterglow.
Both the low frequency Zeeman resonances and high frequency lines, which occur only in odd rotational levels, could have come only from homonuclear molecules with zero nuclear spin in a 3~~ or 3~; state. 71 The only possible impurity that might have given such a spectrum (10) 873.668 (7) 1323.911 (6) 964.992 (6) is 02. The ~ states of this molecule are well known 72 and none has spin-spin constants nearly as small as that of the molecule we have observed. Thus, all the positive evidence and the elimination of alternative possibilities lead to the conclusion that we observed He2 molecules in the only metastable state, a~~.
Quantum numbers
The rf spectrum unambiguously fixed the angular momentum quantum numbers (N, S, J) of He 2 . The only numbers that were not directly identifiable from our experiment were those of the vibrational levels v = 0, 1, 2, 3, .. : .
The presence of two different sets of data (N= 1 and N= 3) with spin-spin constants that differ by only a fraction of a percent indicated that all four transitions are in the same vibrational state. If this were not true, discrepancies of the order of a few percent or more would have been caused by variation of the constants with vibrational quantum number. 73
The resonances between Zeeman sublevels showed no evidence of broadening or splitting, which would have (4) been caused by the detection of more than one vibrational level in the beam. We concluded that we saw molecules in the lowest (v:: 0) vibrational level and that higher states (v = 1,2, ... ) were too weak to be observable. 45,74
Choice of sign of constants
We chose the negative sign for the fs constants A and y (see Table III ). The reasons for this choice are as follows:
(a) A Priori estimates. The relative simplicity of the electronic wavefunction dictates that the two electrons tend to interact such that A is negative. A discussion of this point is given in Paragraph (B) of this section.
(b) A Priori calculation. A computer calculation of A from a Priori molecular wavefunctions by Beck, Nicolaides, and Musher (see Table IV )75 agreed with the conclusions of paragraph (a) above.
(c) Consistency of constants. The perturbation of the fs by neighboring rotational levels causes a deviation of the true levels from those calculated by Kramers' formula. This shows itself in an inconsistency of the spinrotation constants (see Table III ) between the N= 1 and N= 3 levels. These constants for the two levels differ by 4%, an amount that is inconceivably large.
The choice of the positive values for the constants in Schlapp's formula (see Table III ) only worsens this effect. The spin-rotation constants for the two rotationallevels differ by 8%, an even more inconceivable discrepancy. On the other hand, choice of negative values for A and y reduces the discrepancy between spin-rotation constants to O. 3%, an amount which is quite reasonably ascribed to rotational stretching effects. (See Table III 
B. Interpretation of constants, comparison with simple models and other molecules
The most remarkable aspect of our results is the exceptionally small magnitude of the spin-spin interaction. The absolute value of the spin-spin constant I A 1=1100 MHz is to be contrasted with values found in other molecules. (See Table IV .) For example, the interaction in He 2 is 50-fold smaller than that in the ground state of 02' Note in Table IV that the spin splitting of diatomic ~ states consists of two parts-a direct spin-spin interaction (XU) and an indirect, spin-orbit interaction (X .0). The spin-spin term is fairly independent of atomic number and is of the order of 10-20 GHz in ~-states formed from two 7T electrons. Even in H 2 , c 3 n u , which has one 7T electron, the spin-spin splitting is of the order of 5' GHz. 19 ,20 We have seen in Part 1. A. 3 that the configuration of He 2 a~: consists of (J electrons only; ((J"ls)2 x ((Ju1s) ((J,,2s) and the spin-spin interactions arise from the two unpaired electrons (Ju1s and (J,,2s .
The spin-spin interaction is zero in the separated atoms: He 2 a~~-He(ls)21So +He(ls, 2S)3 SI ; neither atom has any spin splitting. Quantum mechanically, this follows as a result of an angular momentum argument. 77 Classically, the spin-spin interaction in He 3 51 can be viewed as the magnetic influence of two uniformly magnetized spherical shells on each other. Each shell can be viewed as a sphere of north poles slightly displaced from a sphere of south poles of equal magnitude. Outside such a sphere, the field appears to be that of a magnetic dipole, but inside the field is zero. The inner shell is like a dipole in a field free region, with no magnetic energy. ThUS, the spin-spin interaction in the 35 1 state of He is zero.
For similar reasons, the magnetic fs in ~ states of He 2 is very small. Consider the unpaired (Ju1s and (J,,2s electrons. The (Ju electron, with its unpaired spin, can be viewed as spending half of its time centered about each of the two He nuclei. (See Fig. 2 .) The (J,,2s has two parts. The outer part is nearly spherically symmetric, has its center midway between the two nuclei, and lies largely outside the molecular framework (see Fig. 2 ). For a hydrogenic 2s orbital, it is readily proven that 95% of the probability density lies in the outer part. By the near spherical symmetry of this outer part, there is no magnetic interaction with the inner (Ju1s electron, as in the 3 51 He atom. The remaining 5% of the (Jg2s wavefunction is found on the inner part of the (J,,2s wavefunction. Since the dimensions of the inner part are small compared to the internuclear separation, the inner (J,,2s electron is centered about each of the two nuclei in a fashion similar to the (J"ls orbital.
As a rough estimate of the spin-spin interaction, we can take 5% of that for two electrons, one on each of the two He nuclei of He 2 • The interaction for two such electrons is A 0:: -15. 5 GHz; for the He 2 molecule, we have 5% of that: X 0::-O. 8 GHz, in order of magnitude agreement with our experimental result X = -1100 MHz.
The interaction in this simple model is opposite in sign to that for (7T)2, ~-states. The explanation for the difference in sign is that (J2 states tend to have both electrons lying along the internuclear aXis, with positive values of the operator (3 cos where g is the Lande g factor, J.Lo is the Bohr magneton, R is the length of the vector joining the two electrons, and e is the angle it makes with the internuclear axis.
In~, ~-configurations, Tinkham and Strandberg have shown that this operator has a negative Sign, as both electrons tend to be across the internuclear axis from each other. 33 A more precise interpretation awaits computation of the spin-spin operator with an ab initio wavefunction. Such calculations are in process. 75 (See Table IV .)
The spin-rotation constant "Y cannot be interpreted as simply as the spin-spin constant A. A simple calculation based on the magnetic field at one nucleus caused by a unit, positive charge at the other nucleus gives a value of "Y = + 5 MHz. The observed constant "Y = -2. 5 MHz is of this order of magnitude, but further interpretation awaits a detailed calculation. The values of the power a for the spin-spin and spinrotation constants of He2 are given in Table V . For comparison, the same constants are given for molecular oxygen.
IT the distances involved in the spin-spin and spinrotation interactions scaled as the internuclear distance, one would expect a power law of -3 for both parameters. The experimental data for He2 are in fair agreement with the expectation, but the results for oxygen completely disagree (see Table V ). This is consistent with the picture given in Sec. III. B, where the spins in He 2 interact from separate atoms, while the O 2 spins tend to be on the same atom when contributing to the observed spin-spin fs.
IV. CONCLUSIONS
We have measured the fs of the helium molecule in two different rotational levels. The results are self-consistent and are in reasonable agreement with plausible models. The helium molecule is the most favorable one for comparison of theory and experiment for pure spinspin interactions. It is very nearly free of the off-diagonal spin-orbit interaction (see Table IV ), which has not been handled completely successfully to date by any theoretician, 3D-42 in the sense that it has not been completely calculated ab initio. He2 is a four-electron system, with two electrons in a tightly bound, closed shell, which should make relatively accurate calculations possible. The only system of greater SimpliCity would be H 2 , in which there are no measurements at present of fs in ~ states. Thus, He2 occupies a unique pOSition in molecular theory.
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APPENDIX A. MOLECULAR HELIUM FORMATION PROCESSES
In our pulsed system, the energy stored in a capacitor is discharged through the source tube in 1 jJ.sec. Electrons are released from the cathode, collide with ground state atoms, and produce excited helium atoms and helium ions (He'). Molecular ions (He i) are rapidly formed through associative ionization collisions 79 (i. e., collisions between excited helium atoms, with prinCiple quantum number ~ 3, and ground state atoms)
He(n~3)+He-He2+e .
We cannot precisely estimate the production rate for this process. The excited state population is rapidly changing with time, particularly in the early afterglow. The rate constant for the reaction (A2) has been measured ll to be 8 XlO-u cm 3 /sec at room temperature. This leads to a characteristic reaction time T= l/k [He] (where [He] is the ground state helium) of 3 x 10-6 sec in the afterglow region and 4 x 10-8 sec in the discharge tube. Presumably, the rate constant for other excited states of helium should be similar.
By comparison, the measured rate constant 80 ,50 for the three-body molecular ion formation He' +2He-He2+He
is too small for this process to be Significant in our low pressure afterglows.
Similarly, the direct production of the molecules· He(2 3 S 1 ) + 2He -He2(a3~:)+He (A4)
is inSignificant in our experiment. This process is of importance only in very high pressure systems.
The molecular ions recombine with electrons as they flow through the afterglow region. There is some uncertainty as to the relative probability of dissociative and nondissociative recombination in helium, 52-55 particularly when the molecular ion is in a high vibrational state. 81 In the afterglow where the electron density is high, but after the electron temperature has cooled by elastic collisions with neutrals, the recombination process is collisionally stabilized by a second electron:
